Microsomal cytochrome P450 is an important enzyme involved in drug metabolism and bioactivation in the liver. In guinea-pigs, the specific amount of cytochrome P450 depends on dietary vitamin C intake. Short-term vitamin C treatment can induce non-genomic effects on hepatocytes, such as activating mitochondrial respiration without changing cytochrome concentration. The aim of this investigation was to elucidate the long-term effects of a low or high vitamin C diet on the quantity and size of mitochondria in the hepatocytes of guineapigs. After 6 -8 weeks of vitamin C feeding, the group receiving a low vitamin C content in their food (10 mg/100 g food) had significantly less mitochondria, but of a larger size, than the group receiving a high vitamin C content (680 mg/100 g food). This animal model investigation demonstrated that treatment with long-term vitamin C can induce morphological changes in the mitochondria of hepatocytes.
Introduction
Previous investigations have revealed that vitamin C might have metabolismmodulating effects as measured by various parameters. Guinea-pigs adapted to a diet low in vitamin C showed increased levels of serum lipids compared with those adapted to high or medium vitamin C diets. 1 Furthermore, high vitamin C concentrations may correlate negatively with concentrations of total cholesterol, triglycerides and low-density lipoproteins, and positively with high-density lipoproteins. 2 These findings point to increased metabolism due to high levels of vitamin C. They are further supported by the influence of vitamin C on levels of thyroid hormone where the adaptation of guineapigs to a graded supply of vitamin C over 6 -8 weeks has resulted in increased serum levels of thyroxine. 3, 4 The amount of microsomal cytochrome P450 and microsomal protein in the liver and renal cortex of guinea-pigs depends on the vitamin C dose to which the animals are adapted. Very low concentrations of vitamin C (5 mg/100 g food), which still permits survival, result in decreases in the amounts of microsomal cytochromes in the liver and renal cortex. 4 Moreover, the mitochondrial M Feuring, A Schultz, K Hersemeyer Long-term, high-dose vitamin C diet affects liver mitochondria respiration in guinea-pigs adapted to a high vitamin C dose has been shown to increase by 1.6-fold compared with a low vitamin C dose. 5 Although the increase in mitochondrial respiration has been observed in guinea-pigs adapted for several weeks to a low or high vitamin C dose, the changes in mitochondrial respiration occur very quickly, usually within minutes. This could indicate short-term, non-genomic effects that act independently from intracellular transcription and protein synthesis. 6 -10 The present study investigated the longterm impact of vitamin C on the number and size of hepatocyte mitochondria. As guinea-pigs are not able to synthesize vitamin C themselves, a control group without any vitamin C supplement was not feasible. A low-dose vitamin C group was, therefore, used instead and compared with a high dose vitamin C group.
Materials and methods

LABORATORY ANIMALS AND STUDY DESIGN
The study followed the guidelines of the University of Giessen, Giessen, Germany, for the care and use of laboratory animals, and received written approval from that university. Both male and female guineapigs that had been bred at the Institute of Biochemistry, University of Giessen, were used in the study. They were kept in climatecontrolled conditions with a humidity of 60%, a constant temperature of 20°C and a 12-h light/12-h dark cycle. Only 6-week-old guinea-pigs with a baseline weight of approximately 400 g were used.
Five animals were assigned at study entry to each of two groups using a computergenerated randomization schedule. Group 1 received vitamin C (Altromin Spezialfutter, Lage, Germany) at a dose of 10 mg/100 g food and group 2 received 680 mg/100 g food. To avoid diarrhoea, semi-synthetic vitamin C-free food, C3015 (Altromin Spezialfutter) mixed with an equal ratio of standard powdered food, C3011 (Altromin Spezialfutter) was used for 2 weeks. After this short 2-week adjustment period, only the semi-synthetically produced vitamin C-free food C3015 supplemented with the appropriate amount of vitamin C was then provided; the food was adjusted with added vitamin C to achieve the concentrations of 10 or 680 mg/100 g food. This feed was continued for 6 -8 weeks to safeguard adaptation to the vitamin C concentration. Approximately 10% of the animals did not have a normal, continuous increase in body weight during the 3 weeks before liver samples were taken and these animals were excluded from randomization to the experimental groups. The guinea-pigs were euthanized after 6 -8 weeks of vitamin C treatment and the liver was removed and immediately weighed. The specimens were taken from the left lobe of the livers.
PREPARATION OF LIVER TISSUE AND TEM
The liver specimens were fixed in 2% osmium tetroxide solution for 2 h and then dehydrated in a graded ethanol series (30%, 50%, 70%, 80%, 90%, 100%, 15 -30 min per change). The specimens were embedded in Epon (Plano W. Planet, Marburg, Germany). Semithin (approximately 0.5 µm) and ultrathin (80 -90 nm) sections were cut with an Ultrotome III (LKB, Bromma, Sweden) and were stained for 30 s with 1% methylene blue and 1% tricalcium phosphate to visualize the tissue. The sections were treated by waving a xylene-soaked applicator stick over them to compensate for compression of the section due to the cutting.
Tissue sections were investigated by transmission electron microscopy (TEM) (EM 201G; Philips, Eindhoven, The Netherlands).
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The ultrathin sections were placed on mesh slides (Type 400 mesh; Plano W. Planet) and stained with uranyl acetate and Reynold solution. TEM was calibrated daily with the test object S106 (Plano W. Planet). Photographs were taken with a 35-mm camera at 17 000 × magnification.
SAMPLING FOR PLANIMETRIC ANALYSIS
Planimetry was performed semiautomatically using an electronic planimeter (MOP; Kontron, Munich, Germany). From each left lobe of the liver, 10 specimens were taken. Each specimen was a semi-thin section and monitored for the inclusion of Glisson's triad or the central vein. Only the first four out of 10 specimens that included Glisson's triad were used for planimetric analysis. The ultrathin sections were placed on a squared mesh and subdivided into quadrants. For the photographs, the TEM screen was adjusted to the left, upper corner of a quadrant and, from each section, five recordings were taken. Overall, 100 photographs per group were analysed.
DATA CAPTURING FOR SIZE AND QUANTITY OF LIVER MITOCHONDRIA
The numbers of mitochondria on each photograph (number per mm 2 per section) and their size (circumference in µm) for each of the five guinea-pigs were counted by individuals who were blind to the randomization; mitochondria at the edges of the photographs were excluded. This resulted in five totals per group for each measure for statistical analysis.
STATISTICAL ANALYSES
Statistical analyses were carried out using the SigmaStat software package, version 3.5 (Systat Software, Erkrath, Germany). Data are presented as mean ± SD values. Differences between the groups were analysed using the Mann-Whitney U-test. A value of P ≤ 0.05 was considered to be statistically significant.
Results
The mean ± SD body weight at baseline of group 1 (low vitamin C diet) was 415 ± 29 g compared with 422 ± 41 g in group 2 (high vitamin C diet); this difference was not statistically significant. After 6 -8 weeks, the mean ± SD body weight of group 1 was 575 ± 27 g compared with 641 ± 49 g in group 2 (P = 0.047). The mean ± SD liver weight of group 1 was 22.08 ± 1.04 g compared with 23.18 g ± 1.76 g for group 2; this difference was not statistically significant.
The number of mitochondria per mm² liver tissue and the circumference of liver mitochondria in individual guinea-pigs after 6 -8 weeks on a low or high vitamin C diet are shown in Table 1 . Group 1 had significantly fewer mean ± SD mitochondria per mm² tissue than group 2 (363 ± 54 versus 454 ± 49; P = 0.0285). The mitochondria of group 1 had a significantly larger mean ± SD circumference compared with group 2 (1.97 ± 0.07 µm versus 1.61 ± 0.07 µm; P = 0.0085).
Discussion
The present study investigated whether the adaptation of guinea-pigs to a low or high vitamin C diet over 6 -8 weeks had an impact on the number and size of mitochondria in hepatocytes. A significant increase in the body weight of animals adapted to a high vitamin C diet was observed compared with those adapted to a low vitamin C diet. The weight of the liver was similar between the two groups. There were also morphological changes in the hepatocyte mitochondria in that livers from guinea-pigs that received the high vitamin C diet contained significantly higher numbers of mitochondria, with a smaller mean mitochondrial size, compared with those that received the low vitamin C diet.
The reduction in mitochondrial volume and the increase in quantity might be induced by the cleavage of pre-existing larger mitochondria. 11 The mechanism by which vitamin C exerts the observed actions could be via increased levels of thyroid hormones. Thyoid hormones have been shown to enhance mitochondrial oxygen consumption 12 and increase mitochondrial respiration and ATP regeneration. 13 The stimulation of mitochondrial respiration is independent from the de novo protein synthesis needed for the inner layer of the mitochondrial membrane, as increased mitochondrial respiration has been observed within minutes following application of triiodothyronine/thyroxine, without enhanced levels of mitochondrial protein. 14 Furthermore, specific receptors for thyroid hormones on the inner membrane of the mitochondria have been identified. 15 -18 These receptors might play an important role in the rapid changes of mitochondrial respiration. 19, 20 Provided the effects of vitamin C are mediated via thyroid hormones, its actions can be divided into short-, mid-and long-term effects. Vitamin C might indirectly trigger rapid, non-genomic effects, as suggested by increased mitochondrial respiration, which are then followed by genomic effects, such as an increase of mitochondrial protein concentration and mitochondrial cytochromes.
A limitation of the present study was the lack of an intermediate, more physiological, dose of vitamin C, as the concentrations used represented either subphysiological or supraphysiological doses.
In conclusion, the adaptation of guineapigs to either low-or high-dose vitamin C in their diet resulted in morphological changes in liver mitochondria. A high dietary vitamin C content reduced the size and increased the quantity of mitochondria compared with low dietary vitamin C.
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